Abstract. The root of Mori cortex has traditionally been used in Korea for the treatment of cutaneous inflammation, pulmonary asthma, and congestion for thousands of years. The present study was designed to validate the anticancer effects of methylene chloride extracts of the M. cortex root (MEMC) in NCI-H460 human lung carcinoma cells. Exposure to MEMC was found to result in growth inhibition by the induction of caspase-dependent apoptosis in NCI-H460 cells, which correlated with upregulated expression of death receptor (DR)4, DR5 and FasL, downregulation of anti-apoptotic Bcl-2 and Bcl-xL expression, cleavage of Bid, and loss of mitochondrial membrane potential. In addition, autophagosomes, a characteristic finding of autophagy, and markers of autophagy, conversion of microtubule-associated protein light chain-3 (LC3)-I to LC3-II and increased beclin-1 accumulation, were observed in MEMC-treated NCI-H460 cells. Inhibition of autophagy by 3-methyladenine or LC3B small interfering (siRNA) resulted in enhanced apoptotic cell death, suggesting that MEMC-induced autophagy functions as a suppressor of apoptosis. MEMC-induced autophagy was also blocked by N-acetyl-cysteine (NAC) and catalase, indicating that H 2 O 2 can regulate autophagy. Our data demonstrate that MEMC triggers both ROS-mediated autophagy and caspasedependent apoptosis, and that autophagy plays a protective role against apoptotic cell death.
Introduction
Non-small cell lung cancer (NSCLC), accounting for 85% of all lung cancer, is the leading cause of cancer-related mortality worldwide. NSCLC causes over 1.2 million deaths each year, and the 5-year survival rate is only 15% (1, 2) . Despite the development of various therapies that target certain molecular pathways and significant advances in NSCLC tumor biology over the past year, current chemotherapies are considered to have reached a therapeutic plateau; therefore, more effective strategies for treatment of NSCLC are required (3, 4) .
Apoptosis is a well-known type of programmed cell death (PCD) initiated from a death receptor-or mitochondrial-mediated signal. The death receptor-mediated pathway activates caspase-8 by the formation of the death-induced signaling complex (DISC). Activated caspase-8 then cleaves Bid to a truncated Bid (tBid), which connects the death-receptor pathway with the mitochondrial pathway through translocation from the cytosol to the mitochondria (5, 6) . The mitochondrial pathway is initiated by the loss of mitochondrial membrane potential (MMP, Δψm) and release of cytochrome c, leading to the activation of caspase-9 and -3 (7, 8) . Autophagy is a well-conserved process characterized by the formation of autophagosomes, which fuse with lysosomes, finally resulting in lysosomal degradation of cytoplasmic constituents (9, 10) . During this process, beclin-1 and the microtubule-associated protein light chain-3 (LC3) represent the major regulators. To date, a number of research studies have been conducted on the interplay between apoptosis and autophagy in response to
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SHIN-HYUNG PARK 1* various death stimuli. Autophagy has commonly been known to inhibit apoptosis and promote cell survival by the elimination of damaged cells prior to the induction of apoptosis (11, 12) . In particular, autophagy promotes cell survival during nutrient starvation and growth factor deprivation, as well as in response to irradiation (13, 14) . However, it is also known to contribute to apoptotic cell death by excessive activation of the self-degrading system (10, 15) .
Reactive oxygen species (ROS), small molecules, including superoxide anion radical (O 2 -), hydrogen peroxide (H 2 O 2 ), and singlet oxygen ( 1 O 2 ), are derived from the mitochondrial respiratory chain complex during normal metabolism of oxygen or from various exogenous sources, such as smoking and certain pollutants (16) . Many reports have demonstrated the induction of autophagy by ROS through several mechanisms, including regulation of the Atg4 family, mitochondrial electron transport chain and catalase (17) (18) (19) . Consistently, antioxidant agents inhibit autophagosome formation and proteolysis (20) . However, the role of ROS in cell death is ambivalent. For example, ROS have been known to contribute to cell death by the induction of apoptotic or autophagic cell death (17, 21) , while certain studies have reported on ROS mediation of the survival pathway by the induction of autophagy under starvation conditions (18) .
The root of Mori cortex, an oriental medicinal herb, has traditionally been used in Korea for the treatment of cutaneous inflammation, pulmonary asthma and congestion for thousands of years. According to recent studies, extracts of M. cortex have shown anti-inflammatory, anti-tumor, and hypoglycemic effects (22) (23) (24) . However, the molecular mechanisms of its action as a death-inducer in cancer cells are not fully understood. From the viewpoint of the attributive channel theory, an oriental medicinal theory on the selective actions of herbal medicines on certain meridian channels and target organs, M. cortex mainly affects the functions of lungs (25) . In this study, we investigated the anti-tumor effects of methylene chloride extracts of the M. cortex root (MEMC) in NCI-H460 NSCLC cells. In the process, we attempted to determine the mechanisms of MEMC-induced cell death through research on the roles of apoptosis and autophagy.
Materials and methods
Reagents and antibodies. Fetal bovine serum (FBS) and caspase activity assay kits were purchased from Gibco-BRL (Gaithersburg, MD, USA) and R&D Systems (Minneapolis, MN), respectively. Monodancylcanaverin (MDC), 4,6-dianmidino-2-phenylindole (DAPI), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphnyl-2H-tetrazolium bromide (MTT) and 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl carbocyanine iodide (JC-1) were purchased from Sigma (St. Louis, MO). An Annexin V fluorescein isothiocyanate (FITC) apoptosis detection kit and an enhanced chemiluminescence (ECL) kit were purchased from BD Pharmingen (San Diego, CA) and Amersham (Arlington Heights, IL), respectively. Control small interfering (siRNA) and LC3B siRNA were purchased from Cell Signaling Technology (Beverly, MA) and transfection reagent was purchased from Qiagen (Hilden, Germany). All antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), except for LC3 antibody (MBL International, Woburn, MA).
Cell culture and preparation of MEMC. NCI-H460 cells were obtained from the American Type Culture Collection (Rockville, MD) and cultured in RPMI-1640 medium containing 10% heat-inactivated FBS and 1% penicillin-streptomycin (Gibco BRL) at 37˚C in a humidified atmosphere containing 5% CO 2 . For preparation of MEMC, dried roots of M. cortex (200 g) were chopped and extracted in 1.5 l of 96% methylene chloride for 5 days at 100 rpm, 35˚C. Powder, obtained by filtering and concentration of the extracts, was dissolved in dimethyl sulfoxide (DMSO) as a stock solution at a 200 mg/ml concentration and stored at 4˚C, and the stock solution was then diluted with medium to the desired concentration prior to use.
MTT assay. For investigation of cell viability, NCI-H460 cells were seeded in 6-well plates at a density of 2.5x10 5 cells per well and stabilized for 24 h. Cells were then treated with various concentrations of MEMC for 24 h. MTT working solution (0.5 mg/ml) was then added to the culture plates, followed by continuous incubation at 37˚C for 2 h. The culture supernatant was removed from the wells, and DMSO was added in order to completely dissolve the formazan crystals. Absorbance of each well was measured at a wave length of 540 nm using an ELISA reader.
Nuclear staining with DAPI. Cells were harvested and washed once with phosphate-buffered saline (PBS) and fixed with 3.7% paraformaldehyde (Sigma) in PBS for 30 min at room temperature. Fixed cells were then washed once with PBS and attached on glass slides using cytospin (Shandon, Pittsburgh, PA). After staining with a DAPI solution (2.5 µg/ml) for 20 min at room temperature, cells were washed twice with PBS and changes of the nucleus were analyzed using a fluorescence microscope (Carl Zeiss, AG, Germany).
Flow cytometry analysis for measurement of sub-G1 phase.
After treatment with MEMC, cells were harvested and washed twice with PBS, and a DNA reagent kit (Cycle TEST™ PLUS kit, Becton-Dickinson, San Jose, CA) was used for staining of the DNA content of cells, according to the manufacturer's instructions. Flow cytometric analyses were performed using a flow cytometer and the relative DNA content was determined by CellQuest software, based on the presence of red fluorescence.
Annexin V/PI binding assay. To determine the magnitude of apoptosis induced by MEMC, MEMC-treated cells were washed with PBS, followed by treatment using the Annexin V-FITC apoptosis detection kit, containing FITC-conjugated Annexin V and propidium iodide (PI), according to the manufacturer's instructions. Following incubation for 20 min at room temperature, Annexin V-positive apoptotic cells were analyzed using a flow cytometer (26) .
Measurement of MMP.
MMP was determined using the dualemission potential-sensitive probe, JC-1. MEMC-treated cells were collected and incubated with 10 µM JC-1 for 20 min at 37˚C in the dark. Cells were then washed once with PBS and analyzed using a DNA flow cytometer (27) .
Determination of caspase activity. The activities of caspases were determined by colorimetric assay kits, which contain synthetic tetrapeptides [Asp-Glu-Val-Asp (DEAD) for caspase-3, Ile-Glu-Thr-Asp (IETD) for caspase-8 and Leu-GluHis-Asp (LEHD) for caspase-9] labeled with p-nitroaniline (pNA). MEMC-treated cells were harvested and lysed in the supplied lysis buffer. Supernatants were then collected and incubated with the supplied reaction buffer, DTT and DEAD-pNA, IETD-pNA or LEHD-pNA as substrates at 37˚C. Reaction activities were measured by investigation of absorbance at 405 nm using an ELISA reader.
Immunofluorescence analysis. Translocation of apoptosisinducing factor (AIF) in nuclei was detected and analyzed by fluorescence microscopy using a fluorescence microscope. NCI-H460 cells were grown on glass cover slips for 24 h, followed by treatment with MEMC (75 µg/ml) for a further 24 h. Cells were fixed with 3.7% paraformaldehyde, treated with 0.2% Triton X-100, and blocked with 2% bovine serum albumin. Cells were then incubated with anti-AIF antibody, FITC-conjugated donkey anti-rabbit IgG, and DAPI, and examined using a fluorescence microscope (Carl Zeiss).
Autophagic vacuole staining with MDC. For visualization of autophagosomes, cells were fixed with 3.7% paraformaldehyde in PBS for 30 min and incubated with 50 µM of MDC for 30 min at room temperature. Cells were then washed twice with PBS, followed by immediate observation under a fluorescence microscope.
Observation of ROS generation. For measurement of ROS generation, cells were treated with MEMC for various periods and the medium was discarded; cells were then incubated with new culture medium containing 5-(and 6)-carboxy-2'7'-dichlorodihydrofluorescein diacetate (DCFDA, 10 µM) at 37˚C in the dark for 20 min. Cell lysates were used for evaluation of ROS generation using a flow cytometer (28) . For observation of ROS generation, using a fluorescence microscope, cells were harvested and washed once with PBS and fixed with 3.7% paraformaldehyde in PBS for 30 min at room temperature. Fixed cells were washed once with PBS and attached on glass slides using cytospin. Cells were then washed twice with PBS and ROS generation was observed by a fluorescence microscope.
Protein extraction and western blot analysis. Cells were collected and lysed with lysis buffer (20 mM sucrose, 1 mM EDTA, 20 µM Tris-Cl, pH 7.2, 1 mM DTT, 10 mM KCl, 1.5 mM MgCl 2 , 5 µg/ml pepstatin A, 10 µg/ml leupeptin, and 2 µg/ml aprotinin) containing protease inhibitors. Protein concentrations were quantified using a Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA), according to the manufacturer's instructions. For western blot analysis, an equal amount of protein was loaded on an SDS-polyacrylamide gel and transferred to a nitrocellulose membrane (Schleicher & Schuell, Keene, NH) by electroblotting. Blots were probed with the specific primary antibodies and enzyme-linked secondary antibodies, and were visualized using an ECL kit according to the manufacturer's instructions. The mitochondrial extract and cytoplasmic extract were obtained using nuclear and cytoplasmic extraction reagents (Thermo Scientific, San Jose, CA), according to the manufacturer's instructions. Western blot analysis was performed as mentioned above.
Small interfering RNA transfection. NCI-H460 cells were seeded in a 6-well plate at an initial density of 1.5x10 5 cells per well. After 24 h of stabilization, cells were transfected with 100 nM of small interfering RNA (siRNA) against human LC3B or control siRNA using transfection reagent (Qiagen), according to the manufacturer's instructions. Following 24 h of transfection, cells were treated with MEMC for another 24 h.
Statistical analysis. Unless otherwise indicated, each result is expressed as the means ± SD of data obtained from triplicate experiments. A paired Student's t-test was used for statistical analysis. Differences at P<0.05 were considered statistically significant.
Results

MEMC treatment causes apoptotic cell death in NCI-H460 cells.
To examine the growth-inhibitory effects of MEMC, NCI-H460 cells were treated with various concentrations of MEMC for 24 h. As shown in Fig. 1A and B, a concentrationand time-dependent decrease in cell viability was observed after MEMC treatment. Morphological observances also showed a diminished cell density and an increased number of floating cells (Fig. 1C) , indicating the possibility that the MEMC-induced decrease of cell viability was by cell death. To determine which form of cell death was induced by MEMC in NCI-H460 cells, we performed nuclear staining with DAPI and flow cytometry analysis for sub-G1 phase DNA content and Annexin V-positive cells, indicators of apoptotic cells. As indicated in Fig. 1D , cells treated with MEMC displayed apoptotic morphological changes, including chromatin condensation and formation of apoptotic bodies, suggesting that MEMC-induced cell death occurred via apoptosis. Flow cytometry analyses for sub-G1 population and Annexin V-FITC/PI double staining assay also showed a concentration-dependent increase of apoptotic cells ( Fig. 1E and F) . These results clearly indicate that the MEMC-induced reduction of viability is associated with the induction of apoptosis.
MEMC modulates both extrinsic and intrinsic pathways leading to loss of MMP in NCI-H460 cells.
There are two classical pathways in apoptosis: an extrinsic pathway, which requires transmembrane death receptor-mediated interactions, and an intrinsic pathway, which initiates apoptosis via mitochondrialmediated stimuli. Thus, we then attempted to determine which pathway was involved in MEMC-treated NCI-H460 cells. The results showed marked concentration-dependent upregulation of cellular levels of death receptor (DR)4, DR5, and FasL proteins, major members of the extrinsic pathway, after MEMC treatment ( Fig. 2A) . However, levels of anti-apoptotic Bcl-2 and Bcl-xL proteins, which play critical roles in maintaining the stability of the mitochondrial membrane in the intrinsic pathway, showed a concentration-dependent decrease and a concomitant loss of MMP was also observed in MEMC-treated cells ( Fig. 2B and C) . Of particular interest, pro-apoptotic Bax levels showed a slight decrease in response to MEMC treatment (Fig. 2B ). This result is quite controversial, as Bax is considered to increase during the apoptotic process. However, through mitochondrial fractionation assay, we observed that the levels of the Bax proteins increased in the mitochondria and decreased in the cytosol, while cytochrome c levels showed a reverse tendency (Fig. 2D ). These data suggest that the translocation of Bax from the cytosol to the mitochondria results in the loss of MMP and consistent release of cytochrome c, which exists in the mitochondria under normal conditions.
We then examined the effects of MEMC on Bid expression, a BH3-only protein, in NCI-H460 cells. Bid cleavage was assessed as a reduction in whole Bid protein as the antibody used in this study recognized only the whole Bid molecule, but not the cleavage product. Treatment with 25 µg/ml of MEMC did not induce cleavage of Bid. However, there was a greater reduction of Bid at 50 and 75 µg/ml MEMC (Fig. 2B) , suggesting that signals from the activated extrinsic pathway changed Bid to tBid, which contributes to the loss of MMP and initiates the intrinsic pathway. Therefore, these results demonstrate that MEMC modulates both the extrinsic and intrinsic pathways in NCI-H460 cells.
MEMC activates caspases and inhibits IAP family proteins in NCI-H460 cells.
In order to determine whether or not caspase activation is involved in MEMC-treated NCI-H460 cells, the expression levels and activities of several caspases were examined. The results from immunoblot analysis showed that MEMC treatment induced a concentration-dependent decrease in the levels of procaspase-3, -8 and -9 proteins (Fig. 3A) . To further quantify the proteolytic activation of the caspases, we determined that lysates equalized for protein content were obtained from cells treated with MEMC using DEVD-pNA, IETD-pNA and LEHD-pNA as substrates for caspase-3, -8, and -9, respectively. As shown in Fig. 3C , treatment with MEMC resulted in a significant concentration-dependent increase in the activities of caspase-3, -8 and -9, which was associated with a decrease in the levels of IAP family proteins, which bind to caspases and suppress caspase activation, such as XIAP and cIAP-2, but not cIAP-1 (Fig. 3B ). In addition, MEMC treatment led to progressive proteolytic cleavage of poly(ADP-ribose) polymerase (PARP), a well-known substrate protein of activated caspase-3, demonstrating that MEMCinduced apoptosis was associated with caspase activation (Fig. 3A) .
MEMC induces caspase-dependent apoptosis in NCI-H460 cells.
We then blocked caspase subtype activity using specific caspase subtype inhibitors in order to determine whether MEMC-induced apoptosis occurred via a caspase-dependent mechanism. As shown in Fig. 4A , z-DEVD-fmk, z-IETD-fmk and z-LEHD-fmk and caspase-3, -8 and -9 inhibitors, respectively, induced significant suppression of MEMC-induced apoptosis. In particular, z-VAD-fmk, a pan-caspase inhibitor, induced almost the complete blockade of MEMC-induced apoptosis in NCI-H460 cells (Fig. 4A) . Western blot analysis also showed that z-VAD-fmk inhibited the caspase activation induced by MEMC, and suppressed the cleavages of PARP and Bid. The MEMC-induced decrease of the anti-apoptotic XIAP was also recovered by pre-treatment with z-VAD-fmk (Fig. 4B) Although z-VAD-fmk caused a significant blockade of apoptosis, we performed further experiments concerning the minor possibility that MEMC-induced apoptosis was triggered via a caspase-independent pathway. AIF, located in the mitochondrial intermembrane space, is a representative protein that triggers apoptosis through translocation from the mitochondria to the nucleus, resulting in caspase-independent chromatin condensation (29, 30) . However, as shown in Fig. 4C , AIF did not translocate to the nucleus after MEMC treatment, weakening the possibility of involvement of the caspase-independent pathway. These data indicate that the activation of caspases is essential for MEMC-induced apoptosis in NCI-H460 cells.
MEMC induces autophagy in NCI-H460 cells.
We observed that small vacuoles were increased in both a time-(data not shown) and concentration-dependent manner after MEMC treatment (Fig. 5A) . Under the hypothesis that these vacuoles might be autophagosomes, MDC, which is known to be a specific dye for autophagosomes, was used (31) . As shown in Fig. 5B , MEMC-induced cytoplasmic vacuoles were stained by MDC and the number of stained vacuoles was increased in a concentration-dependent manner, indicating that the morphological changes induced by MEMC were related to autophagy.
Among regulators of autophagy, beclin-1 and LC3 are representative proteins. Beclin-1 plays an important role in the formation of a complex responsible for autophagic vesicle nucleation (32) . Upon formation of autophagosomes, a cytosolic LC3 converts its form from LC3Ⅰ to LC3Ⅱ by proteases, and LC3Ⅱ was recruited to the autophagosome membrane. Thus, accumulations of beclin-1 and LC3Ⅱ proteins can be used as autophagosome markers (33) . As indicated in Fig. 5C and D, the results of western blot analysis showed upregulation of LC3Ⅱ and beclin-1 in MEMC-treated cells. These results are consistent with data obtained by morphological observances and MDC staining, demonstrating that MEMC induces autophagy as well as apoptosis in NCI-H460 cells.
Inhibition of autophagy enhances MEMC-induced apoptotic cell death.
The question of whether autophagy is involved in cell death or in cell survival is still under controversy. To determine the role of autophagy in MEMC-treated NCI-H460 cells, cells were transiently transfected with LC3B siRNA followed by MEMC treatment. As a result, western blot analysis showed that LC3 siRNA decreased the level of LC3Ⅱ induced by MEMC treatment, while control siRNA had no effect on the expression of LC3 (Fig. 6A) . LC3 siRNA also suppressed MEMC-induced accumulation of autophagosomes (Fig. 6B) , which is in exact accordance with the decreased expression of LC3Ⅱ, the marker of autophagosomes. Of particular interest, as shown in Fig. 6C , the inhibition of autophagy by LC3 siRNA enhanced MEMC-induced apopototic cell death detected by flow cytometry. These results indicate that MEMC-induced autophagy suppresses apoptotic cell death in NCI-H460 cells.
To reconfirm the role of autophagy in MEMC-treated cells, 3MA, an autophagy inhibitor, was also used, which is known to block autophagy by suppressing the formation of autophagosomes. Our results indicate that treatment with 3MA inhibitz autophagosome formation, supported by the decreased LC3Ⅱ level (Fig. 7A) . The suppression of autophagy by 3MA resulted in reduced cell viability (Fig. 7B) and enhanced MEMC-induced apoptosis (Fig. 7C) . Taken together, these findings demonstrate that MEMC-induced autophagy may function as a survival mechanism against apoptotic cell death in NCI-H460 cells.
MEMC treatment generates ROS, resulting in loss of MMP in
NCI-H460 cells. ROS are known to regulate cell proliferation, apoptosis, necrosis and autophagy (34) . ROS can trigger the abrupt loss of MMP, and the collapse of mitochondria can cause a mitochondrial burst of ROS production (35) . We hypothesized that ROS may be an important regulator of MEMC-induced cell death. To confirm this hypothesis, we first attempted to determine whether MEMC treatment causes ROS generation using flow cytometry and a fluorescence microscope. As shown in Fig. 8A and B, ROS generation was first detected at 30 min after MEMC treatment, and it lasted over 6 h. Of particular interest, a significant loss of MMP was observed 2 h after MEMC treatment, indicating that ROS generation is an early event followed by mitochondrial dysfunction (Fig. 8C) . These results indicate that MEMC treatment induces ROS generation and that ROS accumulation may occur as a result of the loss of MMP in NCI-H460 cells. The medium was discarded and cells were incubated at 37˚C in the dark for 20 min with new culture medium containing DCFDA (10 µM). ROS generation was measured by flow cytometry. (B) Cells were harvested and washed twice with PBS, followed by fixation with 3.7% paraformaldehyde in PBS for 30 min at room temperature. After centrifugation, the supernatants were discarded and the cells, stained with DCFCA, were attached on glass slides using cytospin. Cells were subsequently incubated with FITC-conjugated anti-rabbit IgG and washed with PBS. These experiments were performed twice independently, with similar results obtained in each experiment. (C) Cells were collected, incubated with JC-1 (10 µM) for 20 min at 37˚C in the dark, washed once with PBS, and then analyzed using a DNA flow cytometer. Results are expressed as the means ± SD of three independent experiments. Statistical significance of the results was analyzed by a Student's t-test ( H 2 O 2 plays an important role in MEMC-induced autophagy and apoptosis in NCI-H460 cells. Next, in order to investigate the role of ROS in cell death, we blocked ROS generation induced by MEMC using various antioxidants. In the process, NAC, an unspecific ROS scavenger, and superoxide dismutase (SOD), a superoxide-specific scavenger, were used. As indicated in Fig. 9A and B, 1 h pre-treatment with NAC before MEMC treatment resulted in significantly reduced cell viability and enhancement of the sub-G1 population, while SOD had no noticeable effects. Consistently, these data demonstrate that ROS, except for superoxide, can suppress apoptotic cell death.
Our results showed that ROS also triggered autophagy and that the MEMC-induced autophagy played a protective role against apoptotic cell death in NCI-H460 cells. Therefore, we then attempted to determine whether reduced cell viability by pre-treatment with NAC is associated with autophagy. As shown in Fig. 9C , NAC induced almost the complete blockade of MEMC-induced LC3Ⅱ upregulation while pre-treatment with SOD did not result in any change in LC3Ⅱ levels. These results indicate that ROS regulates MEMC-induced autophagy in NCI-H460 cells. Thus, reduced cell viability by NAC treatment might be the result of suppressed autophagy.
As NAC is an unspecific ROS scavenger, we then conducted research to determine which type of ROS is important in the induction of autophagy, using catalase, a hydrogen peroxide specific scavenger. Catalase converts hydrogen peroxide (H 2 O 2 ) into water (H 2 O) and oxygen gas (O 2 ). As shown in Fig. 9D , scavenging H 2 O 2 inhibited autophagy, supported by the reduced LC3Ⅱ level, and increased apoptotic cell death at the same time (Fig. 9E) . Similar results were observed with the earlier NAC pre-treatment. Taken together, these data suggest that H 2 O 2 plays an important role in MEMC-induced autophagy and reconfirms the role of autophagy as a protective mechanism against apoptotic cell death in NCI-H460 cells.
Discussion
The purpose of this study was to research the anti-tumor effects of MEMC and to determine the related mechanisms. In the process, we used methylene chloride extracts of MEMC and investigated its ability to induce both apoptosis and autophagy in the NCI-H460 NSCLC cell line. Our results showed that MEMC treatment resulted in reduced cell viability in a concentration-dependent manner, which was caused by apoptosis. The MEMC-induced apoptosis was shown by the increase in the sub-G1 population and Annexin V/PI double-stained cells, as well as chromatin condensation and apoptotic body formation. MEMC treatment resulted in the upregulated expression of DR4, DR5 and FasL, crucial members of the extrinsic pathway, leading to the activation of caspase-8 (36). Activated caspase-8 then induced the cleavage of pro-apoptotic Bid, which connects the extrinsic pathway to the intrinsic pathway (5, 37) . MEMC also affected the intrinsic pathway through the downregulation of anti-apoptotic Bcl-2 and Bcl-xL, and IAP family proteins. Our results also showed that the content of translocated Bax in the mitochondria was increased, even though its total levels were slightly decreased. The translocated Bax might have triggered the loss of MMP and release of cytochrome c, which finally resulted in the activation of caspase-9 and -3. Moreover, pre-treatment with caspase inhibitors resulted in significant suppression of MEMC-induced apoptosis, showing the critical role of caspases in MEMC-induced apoptosis. These results indicate that MEMC treatment causes caspase-dependant apoptosis through the regulation of both extrinsic and intrinsic pathways in NCI-H460 cells.
We also observed the formation of small vacuoles after MEMC treatment. Through earlier studies describing vacuoles similar to those observed in the autophagic process (38) , as well as increased MDC-positive cells and upregulated beclin-1 and LC3Ⅱ, we concluded that MEMC also induced autophagy in NCI-H460 cells. Whether autophagy contributes to cell death or cell survival is still a matter of debate. Autophagy is commonly regarded as a safeguard mechanism that restricts uncontrolled cell growth and eliminates long-lived cytoplasmic organelles. Consistently, the presence of autophagosomes in dying cells might be a protective mechanism for maintenance of cell survival under stress conditions. For example, Lemasters et al (39) reported that a depolarized mitochondria, a feature of apoptosis, was rapidly eliminated by autophagy, which inhibited apoptotic cell death by preventing the release of pro-apoptotic substances from the mitochondria.
However, interest in autophagic cell death is constantly increasing. According to a certain report, autophagy may also contribute to cell death by excessive activation of a self-degrading system (10) . Certain reports have even suggested that autophagy might play different roles in different stages of apoptosis (40) . Our results demonstrate that MEMC-induced autophagy played a protective role against apoptotic cell death in NCI-H460 cells. We came to that conclusion through the observance of an enhanced sub-G1 population and reduced cell viability after treatment with LC3B siRNA or 3MA, an autophagy inhibitor. In addition, MEMC-induced small vesicles disappeared after treatment with LC3B siRNA, demonstrating that vacuoles were autophagosomes.
To date, data on the interplay between apoptosis and autophagy in response to various death stimuli have continued to accumulate (11) (12) (13) (14) (15) . It has been suggested that certain signals that are involved in apoptosis may also be included in autophagy. For example, beclin-1, an important protein in the formation of autophagosomes, is known to promote apoptosis through interaction with Bcl-2 (20). Vandenabeele et al (41) reported that z-VAD-fmk treatment blocks apoptotic cell death, sensitizing cells to autophagic cell death. Current evidence has also demonstrated that removal of proteins that are critical for apoptosis can change the form of cell death from apoptosis to autophagic cell death (42, 43) . Our data indicate that autophagy in cells undergoing apoptosis after MEMC treatment is cytoprotective.
Among the various factors that regulate both apoptosis and autophagy, ROS are a representative regulator. Accumulating research has demonstrated that ROS induce apoptosis via the intrinsic pathway by causing damage to the mitochondria (44, 45) . However, other studies have suggested that ROS also function as a survival mechanism against cell death through the induction of autophagy and removal of ROS-damaged mitochondria (41, 46) . As we observed that MEMC induced both apoptosis and autophagy, as well as the loss of MMP, which is the common factor of both phenomenon, we investigated whether ROS generation is associated with these results. Our data showed that MEMC treatment resulted in significantly increased ROS generation in NCI-H460 cells. Of particular interest, during the investigation of the role of MEMC-triggered ROS, we found that NAC, an unspecific antioxidant, induced an increase in apoptotic cell death. In general, most studies have reported on the protective role of NAC against cell death as NAC blocks the mechanism of apoptosis by ROS-damaged cells through the mitochondrialmediated pathway (47, 48) . If ROS acted only on induction of apoptosis in MEMC-treated cells, NAC must have functioned as a suppressor of apoptosis. Thus, we hypothesized that NAC might have affected autophagy. As shown in our results, NAC induced a marked blockade of LC3 expression, while SOD had no effect on either apoptosis or LC3 levels. In addition, treatment with catalase, the other ROS scavenger blocking H 2 O 2 specifically, also increased the sub-G1 population and inhibited LC3 expression, which was the same pattern observed after NAC treatment. These data demonstrate the possibility that H 2 O 2 , but not superoxide, induced autophagy, resulting in the suppression of apoptosis. In addition, these results confirm the role of autophagy as a survival mechanism against cell death in MEMC-treated NCI-H460 cells. Recently, Choi et al Figure 10 . Proposed mechanism of MEMC-induced cell death. MEMC triggers apoptosis via both extrinsic and intrinsic pathways. MEMC-induced apoptosis was blocked by z-VAD-fmk, indicating that activation of caspases is critical for induction of apoptosis by MEMC in NCI-H460 cells. MEMC also generated H 2 O 2 by causing damage to mitochondria, resulting in autophagy through upregulation of beclin-1 and LC3Ⅱ. MEMC-induced autophagy functioned as a suppressor of apoptosis, contributing to cell survival. However, once cells are treated with NAC or catalase, MEMC fails to cause H 2 O 2 accumulation, which is an important factor in induction of autophagy in NCI-H460 cells. As autophagy can no longer function as a survival mechanism, apoptotic cell death is increased. These results imply that regulation of ROS and autophagy could be an important target in treatment of NSCLC. (49) reported that the basal level of intracellular catalase in NCI-H460 cells is limited, whereas the level of SOD is very high. Our data suggest that the limited level of endogenous catalase in NCI-H460 cells failed to eliminate H 2 O 2 accumulation effectively, resulting in autophagy after MEMC treatment.
In summary, our results show a novel function of MEMC as an inducer of cell death in NSCLC NCI-H460 cells. We also demonstrate that MEMC-induced autophagy is associated with ROS generation and functions as a protective mechanism against apoptotic cell death (Fig. 10) . Although further studies are required for the identification of the active compounds of MEMC, these findings suggest that regulation of ROS and autophagy could be an effective strategy for the treatment of NSCLC and for overcoming chemoresistance against apoptosis.
